Neosporosis is an important cause of bovine abortion worldwide. Many aspects of transmission of Neospora caninum in nature are unknown. The white-tailed deer (Odocoileus virginianus) is considered one of the most important wildlife reservoirs of N. caninum in the USA. During the hunting seasons of 2008, 2009, and 2010, brains of 155 white-tailed deer fetuses were bioassayed in mice for protozoal isolation. Viable N. caninum (NcWTDMn1, NcWTDMn2) was isolated from the brains of two fetuses by bioassays in mice, and subsequent propagation in cell culture. Dams of these two infected fetuses had antibodies to N. caninum by Neospora agglutination test at 1:100 serum dilution. DNA obtained from culture-derived N. caninum tachyzoites of the two isolates with Nc5 PCR confirmed diagnosis. Results prove congenital transmission of N. caninum in the white tailed deer for the first time.
Introduction
Neospora caninum is a major cause of bovine abortion worldwide (Dubey, 2003; Dubey and Schares, 2011) . Its life cycle involves canids as definitive hosts and ruminants as intermediate hosts. A sylvatic cycle between canids (feral dogs, wolves and coyotes) and game is thought to be important in the biology of N. caninum (McAllister et al., 1998; Gondim et al., 2004a; . The white-tailed deer (WTD) is one of the most important reservoir hosts of N. caninum infection based on different serologic surveys (Dubey et al., , 2009 Lindsay et al., 2002; Gondim et al., 2004b; Anderson et al., 2007) and viable N. caninum has been isolated from brains of adult WTD (Vianna et al., 2005) . The high seroprevalence of N. caninum in fawns and the lack of association between seroprevalence of N. caninum antibodies and the age of deer suggest that N. caninum might be congenitally transmitted in deer, similar to bovine infections . Although N. caninum-like organisms were found in the brain of a stillborn Eld's deer (Cervus eldi siamensis, and in the brain of 3-week old fallow deer (Dama dama, Soldati et al., 2004 ) and tissues of a two month old black tailed deer (Odocoileus hemionus columbianus, Woods et al., 1994) , there is no report of clinical neosporosis and isolation or demonstration of N. caninum in tissues of fetal or neonatal WTD. Here, we report first definitive isolation of viable N. caninum from tissues of fetuses from WTD from Minnesota.
Materials and methods

Naturally infected deer
The WTD from Minnesota were killed in the winter/spring (February-April) of 2008, 2009, and This article is a U.S. government work, and is not subject to copyright in the United States.
2010. These deer were shot as part of a program to reduce wild deer potentially infected with bovine tuberculosis in a 200 km 2 area centered at Skime, Minnesota (Dubey et al., 2008) . Blood or clot was collected from the heart or chest cavity of 485 deer soon after death (Table 1) , and centrifuged. Serum samples from dams and brains from fetuses were sent with cold packs to the Animal Parasitic Diseases Laboratory (APDL), Beltsville, Maryland for Neospora testing.
Serological examination
Neospora caninum agglutination test (NAT) was used to detect antibodies to N. caninum. The NAT was performed with mouse-derived whole tachyzoites antigen as described by Romand et al. (1998) . The antigen was made at the Laboratory of Parasitology-Mycology, National Reference Center on Toxoplasmosis, Biological Resources Center Toxoplasma, Hospital Maison Blanche, Reims Cedex, France as described by Romand et al. (1998) . To conserve antigen, deer sera were screened only at 1:100 serum dilution. Mouse sera were tested at 1:25 serum dilution.
Bioassays of deer tissues for isolation of N. caninum
The Swiss Webster (SW) outbred immunocompetent mouse is a poor host for N. caninum (Dubey and Lindsay, 1996) . Before the commercial availability of KO mice, cortisonized SW mice were used to propagate N. caninum (Dubey and Lindsay, 1996) . SW mice were cortisonized by oral medication with dexamethasone, 10 g/ml, ad lib., in drinking water from 0 day to 21 days p.i. (Romand et al., 1998) Brains of 155 fetuses were bioassayed. Deer fetal brains were homogenized individually in approximately 10 volumes of aqueous 0.85% NaCl (saline) in a blender as described (Dubey et al., 2008; Dubey, 2010) . The homogenate was filtered through gauze, centrifuged at 1400 × g for 10 min. The sediment was suspended in 3-5 ml of antibiotic saline (2000 units penicillin, 200 g streptomycin per ml of saline) and 0.5-1.0 ml of the suspension was inoculated subcutaneously into KO and/or SW cortisonized mice. The KO and SW/dexamethasone treated mice that died or were euthanized when ill were examined for protozoa. Survivors were bled two months later and 1:25 dilution of their sera were examined for antibodies to N. caninum. Tissues of mice that died due to protozoal infection were sub-inoculated in to KO mice and or SW/cortisonized (Table 1) .
Necropsy and immunohistological examination
Samples of all major organs of mice were fixed in 10% buffered formalin. Paraffin-embedded tissues were sectioned at 5 m and examined after staining with hematoxylin and eosin. Immunohistochemistry was performed on paraffin-embedded sections using reagents and methods described previously by Lindsay and Dubey (1989) .
In vitro cultivation
Tissues from mice with demonstrable Neospora tachyzoites were homogenized in RPMI-1640 medium supplemented with l-glutamine, and seeded on to CV1 (derived from Cercopithecus aethiops monkey kidneys) cells. The cell cultures were observed microscopically for growth of protozoa for 3 months.
DNA extraction and PCR amplification
A competitive PCR method was used (Liddell et al., 1999) . DNA from cell cultures inoculated with N. caninum isolated from mouse lung were extracted using the QIAamp Mini DNA kit (QIAGEN Inc., Valencia, CA, USA), and subjected to PCR amplification of the Nc5 gene sequence (Kaufmann et al., 1996; Müller et al., 1996; Liddell et al., 1999) using PrimeStar amplification kit (Clontech Laboratories, Inc., Mountain View, CA, USA). PCR products were analyzed by acrylamide gel electrophoresis followed by EtBr staining, and visualization and capture on a GelLogic 200 Imaging System (Eastman Kodak, Hemel Hempstead, U.K.). The Nc5 target amplification product was isolated using a QIAquick PCR Purification Kit (QIA-GEN Inc.), concentrated by ethanol precipitation, dried at room temperature, suspended in sterile water, and then inserted into pGEM-T Easy cloning vector using manufacturer's recommendations (Novagen, San Diego, CA, USA). The ligation mixtures were introduced into Escherichia coli DH5 using standard procedures (Hanahan, 1983) , followed by colony PCR analysis (Güssow and Clackson, 1989) . At least two separate PCR amplifications were conducted for each DNA sample, and a minimum of three recombinant clones were evaluated for each amplification product. Colony amplification reactions exhibiting the expected size product by polyacrylamide gel electrophoresis were then subjected to sequence analysis using M13 forward and reverse primers, and a Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA). DNA sequences were verified as Nc5 by BLAST-N analysis of sequences deposited in the GenBank database. d One KO mouse died day 32 p.i. and was discarded because of autolysis. The second KO mouse was euthanized day 32 p.i. because it was sick. Its brain and lung homogenate was seeded on to cell culture flask and N. caninum was successfully propagated. N. caninum was demonstrated immunohistochemically in pancreas, heart and brain of the mouse.
e One KO mouse died day 27 p.i. Tachyzoites were found in its lung and lung homogenate was subinoculated in to two KO mice and onto cell culture. N. caninum was successfully propagated in to cell culture. The second KO mouse was euthanized on day 29 p.i. Antibodies to N. caninum were found in its serum. N. caninum was demonstrated immunohistochemically in lung, heart and brain of the mouse. The third KO was not infected and was killed day 48 p.i.
f The mice remained asymptomatic and were killed day 91 p.i. Tissue cysts were not found in the brains but antibodies to N. caninum were detected in their serum samples.
Ethics
All experiments were performed according to the Animal Experimentation Protocols by all institutions involved.
Results
Antibodies to N. caninum were found in 80 (16.5%) of 485 adult deer (Table 1 ). Viable N. caninum was isolated in mice and cell culture from brains of two of 155 fetuses from two dams ( Table 2) . These two N. caninum isolates were from two of 57 dams positive for Neospora antibodies.
N. caninum was demonstrated in tissues of infected mice by imunohistochemical staining with N. caninum antibodies. By PCR, serological and immunohistochemical testing there was no evidence of coinfection with Toxoplasma gondii (data not shown).
Nc5 PCR analysis of both isolates confirmed that tachyzoites from cell culture of mouse lung were N. caninum. Amplified products were in the expected size range (Fig. 1) for both isolates. Alignment of the Nc5 sequences obtained by DNA sequencing of the amplification products showed greater than 99% similarity to various Nc5 sequences in GenBank, further corroborating the histological and PCR findings.
Discussion
Control of bovine neosporosis in the USA has been problematic, and may be due to the presence of the N. caninum in wildlife reservoirs. In some regions of the USA there is an overpopulation of WTD and coyotes, and both deer and coyotes are moving toward the urban areas . Seroprevalence of N. caninum in deer varies with the serologic test, cut-off value, and the region (Dubey and Schares, 2011) . In the USA, antibodies to N. caninum were found in 40.5% of 400 , and 46.5% of 43 (Gondim et al., 2004b) WTD from Illinois, 20% of 150 WTD from Minnesota in one survey (Gondim et al., 2004b) and 70.9% of 62 WTD in another survey (Dubey et al., 2009 ), 48% of 305 deer from 14 southwestern states (Lindsay et al., 2002) , 48% of 23 from Missouri, and 20% of 147 WTD from Wisconsin (Anderson et al., 2007) . Although data in these surveys are not comparable because of different serological tests and different cut-off values used, they do indicate that at least 20% of WTD have been exposed to N. caninum.
In the present study N. caninum was isolated from 2 of 155 fetuses (1.3%), and only 57 of these fetuses were from N. caninum seropositive dams. The low isolation rate of N. caninum is probably related to the difficulties of isolating N. caninum from animal tissues.
The mode of transmission of N. caninum differs with respect to hosts. Although fecal transmission by oocysts is essential for introduction of the parasite in cattle herds, epidemiological data indicate that vertical/congenital transmission is highly efficient in cattle to Fig. 1 . Amplification products from competitive Nc5 PCR analysis of tachyzoite DNA from cell cultures infected with N. caninum from mouse brain. The fetal brains from WTD were the initial source of the parasite and that a competitive PCR was performed. T, Nc5 target; IS, Nc5 internal standard; bp, 100 bp standards. maintain the infection Dubey and Schares, 2011) . Much of the evidence for transplacental transmission in cattle is derived from serological surveys using pre-colostral samples; however, this method is impractical in wildlife. Results of the present study indicate that transplacental transmission occurs naturally in the WTD but frequency remains to be determined.
Hundreds of thousands of WTD are harvested by hunters and killed in traffic accidents yearly. Unless removed from the environment, the WTD carcass tissues are potential source of infection for wild and domestic dogs, wolves, and coyotes that can shed N. caninum oocysts.
